Far-red absorbing chlorophylls are constitutively present as Chl d in the 14 cyanobacterium Acaryochloris marina, or dynamically expressed by synthesis of Chl f and red-15 shifted phycobilins via far-red light photoacclimation in a range of cyanobacteria, which enables 16 them to use near-infrared-radiation (NIR) for oxygenic photosynthesis. While the biochemistry 17 and molecular physiology of Chl f-containing cyanobacteria has been unraveled in culture 18 studies, their ecological significance remains unexplored and no data on their in situ activity 19 exist. With a novel combination of hyperspectral imaging, confocal laser scanning microscopy, 20 and nanoparticle-based O2 imaging, we demonstrate substantial NIR-driven oxygenic 21 photosynthesis by endolithic, Chl f-containing cyanobacteria within natural beachrock biofilms 22 that are widespread on (sub)tropical coastlines. This indicates an important role of NIR-driven 23 oxygenic photosynthesis in primary production of endolithic and other shaded habitats. 24 25 Impact statement: Cyanobacteria with chlorophyll f show substantial near-infrared radiation-26 driven photosynthesis in intertidal habitats. 27 Behrendt L, Brejnrod A, Schliep M, Sørensen SJ, Larkum AWD, Kühl M. 2015. Chlorophyll f-388 driven photosynthesis in a cavernous cyanobacterium. ISME Journal 9:2108-2111. 389 Behrendt L, Trampe EL, Nord NB, Nguyen J, Lonco D, Nyarko A, Dhinojwala A, Hershey OH, 390 Kühl M, Barton H. 2019. Life in the dark: Far-red absorbing cyanobacteria extend photic 391 zones deep into terrestrial caves. Environmental Microbiology
Introduction 28
The persisting textbook notion that oxygenic photosynthesis is mainly driven by visible 29 wavelengths of light (400-700 nm) and chlorophyll (Chl) a as the major photopigment is 30 challenged. Recent findings indicate that cyanobacteria with red-shifted chlorophylls and 31 phycobilins capable of harvesting near infrared radiation (NIR) at wavelengths >700-760 nm and 32 exhibiting a pronounced plasticity in their photoacclimatory responses (Gan et al., 2014; Gan 33 and Bryant, 2015) are widespread in natural habitats (Gan et al., 2015; Zhang et al., 2019; 34 Behrendt et al., 2019) . Besides the Chl d-containing cyanobacterium Acaryochloris marina, 35 which was originally isolated from tropical ascidians (Miyashita et al., 2014) but has now been 36 found in many other habitats (Behrendt et al., 2011; Zhang et al., 2019) , the discovery of Chl f 37 (Chen et al., 2010) and its occurrence in many different cyanobacteria (Gan et al., 2015) has 38 triggered a substantial amount of research on the biochemistry and molecular physiology of Chl 39 f-containing cyanobacterial strains (Airs et al., 2014; Allakhverdiev et al., 2016; Chen, 2014; Ho 40 et al., 2016; Nürnberg et al., 2018) . In comparison, the in situ distribution and activity of Chl f- 41 containing cyanobacteria and their role in primary productivity remain largely unexplored. Here 42 we used a novel combination of hyperspectral imaging, confocal laser scanning microscopy, and 43 chemical imaging of O2 for high-resolution mapping of the distribution of Chl f-containing 44 cyanobacteria and their NIR-driven oxygenic photosynthesis in an intertidal beachrock habitat. 45 Our study gives novel insight into the ecological niche and importance of endolithic Chl f- 46 containing cyanobacteria, and indicates that high rates of NIR-driven oxygenic photosynthesis 47 can contribute to primary production in natural biofilm habitats. 48 With an in vivo absorption range of 700-760 nm, Chl f is the most red-shifted 49 chlorophyll, which was first found in the filamentous cyanobacterium Halomicronema 50 hongdechloris isolated from stromatolites in Western Australia (Chen et al., 2010; Chen et al. 51 2013), and in an unicellular cyanobacterium (strain KC1 related to Aphanocapsa spp.) isolated 52 from Lake Biwa, Japan (Akutsu et al., 2011) . However, Bryant and coworkers discovered that 53 the ability to synthesize Chl f, far-red shifted phycobilins, and small amounts of Chl d can be 54 induced in many different cyanobacteria, including representatives from all 5 major subdivisons, 55 when grown under far-red light-enriched conditions (Gan et al., 2014; Gan et al. 2015) . Such 56 far-red light photoacclimation (FaRLiP) involves remodeling of the photosynthetic apparatus via 57 synthesis and modification of pigments and pigment-protein complexes. This remodeling is 58 primarily regulated at the transcriptional level via upregulation of paralogous photosynthesis-59 related genes in a 21-gene cluster, which seems largely conserved in cyanobacteria exhibiting 60 FaRLiP (Gan and Bryant, 2015) and contains genes for a red phytochrome-triggered control 61 cascade of FaRLiP (Zhao et al., 2015) . Recently, it was shown that FaRLiP also involves the 62 modification and inclusion of Chl f in both PSI and PSII reaction centers (Itoh et al., 2015; 63 Nürnberg et al., 2018) . 64 There is a growing database of cyanobacteria and habitats wherein Chl f has been 65 detected (Table S1 ). However, only three studies have reported on the actual distribution and 66 niche of Chl f-containing cyanobacteria in their natural habitats (Trampe and Kühl 2016; Ohkubo 67 and Miyashita, 2017; Behrendt et al., 2019) , and hitherto NIR-driven oxygenic photosynthesis 68 by Chl f-containing cyanobacteria has not been demonstrated in situ. This is experimentally 69 challenging, as cyanobacteria with FaRLiP respond to the local light microenvironment and 70 typically occur in dense proximity with other oxygenic phototrophs harboring a plethora of 71 photopigments fueling Chl a-based oxygenic photosynthesis by visible light (400-700 nm) 72 (Okhubo and Miyashita, 2017; Behrendt et al., 2015) . Consequently, photosynthetic activity of 73 5 Chl f-containing cyanobacteria has only been measured on strains (e.g. Gan et al., 2014; 74 Nürnberg et al., 2018) or enrichments isolated from their natural habitat (e.g. Behrendt et al., 75 2015) . Detailed microscopic investigation of pigmentation in cyanobacteria with Chl f has also 76 largely been limited to culture material (Majumder et al., 2017; Zhang et al., 2019) . 77 Beachrock is a widespread sedimentary rock formation on (sub)tropical, intertidal 78 shorelines, where a mixture of biogeochemical processes cement carbonate sands together into a 79 porous solid matrix (Vousdoukas et al., 2007) . The upper surface of light-exposed beachrock is 80 colonized by dense microbial biofilms dominated by cyanobacteria (Cribb, 1966; Diez et al., 81 2007), which are embedded in a dense exopolymeric matrix covering the surface and endolithic 82 pore space of the beachrock (Petrou et al., 2014) . We previously demonstrated the presence of 83 Chl f-containing cyanobacteria (Chroococcidiopsis spp.) in an endolithic niche below the surface 84 biofilm along with the ability of beachrock samples to upregulate their Chl f-content upon 85 incubation under NIR, indicative of FaRLiP (Trampe and Kühl, 2016) . Here, we correlate the 86 spatial organization of Chl f-containing cyanobacteria with direct in vivo measurements of their 87 NIR-driven O2 production in a natural beachrock habitat. 
Results and Discussion

91
Hyperspectral reflectance imaging on vertical cross-sections of beachrock submerged in seawater 92 (23°C and salinity = 35) revealed the presence of a dense ~1 mm thick surface biofilm with high 93 amounts of Chl a, while a more patchy zone containing Chl f, and less Chl a was found below 94 the surface biofilm of the beachrock (Fig. 1A, B ), exhibiting localized hot spots of Chl f 95 concentration (Fig. 1C ). Representative reflectance spectra from these regions carrying spectral in anoxic water, it was possible to map the local O2 production over the beachrock cross-section 113 when illuminated with weak NIR levels (740 nm, 25 nm HBW; 28 µmol photons m -2 s -1 ). We 114 observed hot spots of NIR-driven photosynthesis driving local O2 levels from 0% to >40-50% air 115 saturation within 15-20 minutes (Fig. 1D , SFig. S6), which overlapped with regions of high Chl f 116 absorption (Fig. 1C, Fig. S2 ). The build-up of O2 in the hotspots harboring Chl f occurred rapidly 117 after onset of NIR illumination and dissipated rapidly back to anoxia within a few minutes after 118 darkening (see Movie S1). Based on O2 concentration images recorded at 5 min intervals after 7 experimental light-dark shifts, we calculated images of apparent dark respiration and NIR-driven 120 net and gross photosynthesis that could be mapped onto the beachrock structure ( Fig. 2A -D) 121 showing that hotspots of activity aligned with the presence of Chl f (see Fig. 1B , C). We 122 extracted estimates of maximum O2 conversion rates in particular regions of interest (ROI) 123 showing high rates of NIR-driven gross photosynthesis of ~5-15 µmol O2 L -1 min -1 in the 124 beachrock under the given actinic irradiance of 28 µmol photons m -2 s -1 ; a similar range was 125 found for 2 other beachrock cross-sections (data not shown). These volume-specific rates fall showed a 40% higher O2 production rate with NIR after undergoing FaRLiP relative to cells 134 grown under red light (Gan et al., 2014) , and a similar high photosynthetic efficiency was found 135 in a Chroococcidiopsis strain (Nürnberg et al., 2018) . Behrendt et al. (2015) showed rapid 136 saturation of NIR-driven oxygenic photosynthesis already at 25-30 µmol photons m -2 s -1 (740 137 nm) in a cell enrichment with Chl f-containing, Aphanocapsa-like cyanobacteria from a 138 cavernous biofilm, i.e., using similar NIR levels as used in the present study. 139 Our structural and chemical imaging of beachrocks showed that Chl f and NIR-driven O2 140 production was confined to a relative narrow zone 1-2 mm below the beachrock surface (Figs. 1, 141 2; Figs. S2-S5). Assuming a NIR-driven oxygenic photosynthesis rate of 10 µmol O2 L -1 min -1 (= 142 8 nmol O2 cm -3 beachrock min -1 ) in a 1 mm thick layer (Fig. 2) , and a conservative estimate of 143 beachrock porosity of ~0.4 in the uppermost 1-2 mm (21), we can estimate the areal NIR-driven 144 gross photosynthesis rate to (10 µmol l -1 min -1 x 0.4 x 0.1 cm x 10 -6 x 10000 x 60 =) ~0.24 mmol 145 O2 m -2 beachrock h -1 . Total beachrock primary productivity remains to be quantified in detail, 146 but it is well known that beachrock habitats sustain high grazing rates of epifauna (McLean, 147 1974; McLean, 2011) and herbivorous reef fish (Stephenson and Searles, 1960) . 148 To our knowledge, beachrock primary production has only been reported by Krumbein, 149 who studied a Red Sea beachrock habitat (Krumbein, 1979) . Based on his data on O2 exchange 150 under water covered conditions (cf. Fig. 13 in Krumbein, 1979) , we estimated a total gross 9 habitats for cyanobacteria with Chl f (Gan et al. 2015; Zhang et al. 2019) . Beachrock is 166 widespread in intertidal zones on a global scale (Vousdoukas et al., 2007) and our study shows 167 that these habitats may present a major ecological niche for cyanobacteria with FaRLiP and NIR-168 driven oxygenic photosynthesis in marine intertidal habitats. The present study gives the hitherto 169 most detailed insight into the distribution and in situ activity of Chl f-containing cyanobacteria in 170 intact samples from a natural habitat, but there is now a need for more precise characterization of 171 the microenvironment and metabolic activities of microorganisms in beachrock to assess the 172 quantitative importance of NIR-driven oxygenic photosynthesis for system productivity. , 2017; Kühl et al., 2005) . The present study and the few other studies of natural 184 habitats (Table S1) University of Technology Sydney, which commenced within a few days after sampling. The 205 field site is described in detail elsewhere (Cribb, 1966; Diez et al., 2007; Trampe and Kühl, 206 2016). GmbH, Germany). 258 A beachrock sample painted on one side with the O2 sensor nanoparticle paint (see below 259 and Fig. S5 ) was placed into the aquarium, and the surrounding seawater was flushed with pure 260 N2 for at least 30 min to completely remove O2, as confirmed by the fiber-optic O2 sensor. After 261 anoxic conditions were reached, measurements of the change in O2 concentration over the 262 beachrock cross section in darkness and under NIR illumination were performed under stagnant 263 anoxic conditions in the surrounding seawater (Fig. 1C, Fig. S6 ). Images were recorded at 5 min Optical O2 sensor nanoparticle paint. First, we attempted to spray-paint beachrock sections 289 with sensor nanoparticles using a paintbrush according to Koren et al. (2016) , but the porous 290 structure of the beachrock prevented saturation and a homogenous coating of cross-sections. 291 Instead, we coated beachrock cross-sections (as well as glass slides used for calibration) with a 292 thin (<1 mm thick) layer of agarose containing O2 sensor nanoparticles, inspired by earlier work 293 on seagrass rhizosphere O2 imaging (37). For this, 40 mg of UltraPure™ Low Melting Point 294 Agarose (16520100; thermofisher.com) was melted in 2 mL filtered seawater, which was then 295 kept at ~35°C and mixed with 2 mL of a pre-warmed (~35°C) O2 sensor nanoparticle solution 296 (2.5 mg mL -1 ). This "sensor paint" was then applied on a vertical cross-section of a beachrock 297 sample (or a glass microscope slide) using a small paint brush. After solidification of the sensor 298 paint, the coated beachrock was transferred into the aquarium and left there prior to experiments 299 to allow acclimatization. Throughout sample preparation, exposure to high light levels was 300 avoided. This procedure produced a stable homogenous coating of beachrock cross-sections ( Fig.  S5 ) with an O2 sensing layer that could be easily peeled off, enabling the same sample to be used 302 for subsequent CLSM or hyperspectral imaging 303 Imaging and image analysis. The O2-dependend red emission, and the constant green 304 reference emission from the sensor nanoparticles in the paint during brief excitation pulses from 305 a blue LED (445 nm) were recorded in RGB pictures with a DSLR camera system (Larsen et al,. Calibration. For calibration, a glass slide was coated with a thin layer of the O2 sensor 324 nanoparticle paint. TH coated slide was placed in the experimental setup with aerated seawater 325 and imaged at identical camera settings as used for beachrock sample imaging. Subsequently, the 326 O2 content of the seawater was decreased by flushing it intermittently with N2 gas under constant 327 monitoring by a fiber-optic O2 microsensor (OXR430 connected to FireSting GO2 meter; 328 PyroScience GmbH, Aachen, Germany). Calibration curves were obtained from RGB images of 329 the calibration target recorded under a series of known seawater O2 concentrations (ranging from 330 100% air saturation to anoxia) using a ROI covering the whole field of view. Plotting R versus 331 O2 showed an exponential decay with increasing O2 concentration (Fig. S7) , as commonly 332 observed for optical O2 sensing materials (Koren and Kühl, 2018; Mosshamme et al., 2019) . To 333 enable calibration of background corrected experimental ratio images (see above), we generated 334 a calibration curve by plotting ΔR (=Ranoxic-R) versus O2 concentration (Fig S7B) , which was 335 fitted with an exponential function in Image J. The ΔR images from the experiments were then 336 calibrated in Image J using the exponential fit in the calibration function. Cross-sectional images of initial O2 consumption after onset of darkness (A) and maximum net 519 photosynthetic O2 production (B) after onset of actinic NIR illumination (740 nm, 28 µmol 520 photons m -2 s -1 ) of the beachrock cross-section shown in Fig.1. (C) The NIR-driven gross Supplementary Table S1 535 Caption for supplementary Movie S1 536 Movie S1 537 538 Figure S1 . 539 Representative reflectance spectra of beachrock zones with Chl a only (green zones in Fig. 1B 
